We have recently diagnosed a patient with anaemia, severe tubulopathy, and diabetes mellitus. As the clinical characteristics resembled Pearson marrow-pancreas syndrome, despite the absence of malfunctioning of the exocrine pancreas in this patient, we have performed DNA analysis to seek for deletions in mtDNA. DNA analysis showed a novel heteroplasmic deletion in mtDNA of 8034bp in length, with high proportions of deleted mtDNA in leukocytes, liver, kidney, and muscle. No deletion could be detected in mtDNA of leukocytes from her mother and young brother, indicating the sporadic occurrence of this deletion. During culture, skin fibroblasts exhibited a rapid decrease of heteroplasmy indicating a selection against the deletion in proliferating cells. We estimate that per cell division heteroplasmy levels decrease by 0.8%. By techniques of fluorescent in situ hybridisation (FISH) and mitochondria-mediated transformation of 0 cells we could show inter-as well as intracellular variation in the distribution of deleted mtDNA in a cell population of cultured skin fibroblasts. Furthermore, we studied the mitochondrial translation capacity in cybrid cells containing various proportions of deleted mtDNA. This result revealed a sharp threshold, around 80%, in the proportion of deleted mtDNA, above which there was strong depression of overall mitochondrial translation, and below which there was complementation of the deleted mtDNA by the wild-type DNA. Moreover, catastrophic loss of mtDNA occurred in cybrid cells containing 80% deleted mtDNA.
Introduction
Large-scale mitochondrial DNA (mtDNA) deletions have been associated with myopathies including chronic progressive ophthalmoplegia (CPEO) and Kearns-Sayre syndrome (KSS), [1] [2] [3] as well as with non-muscular, multi-organ diseases such as Pearson's marrow-pancreas syndrome, 4, 5 and maternally inherited adult-onset diabetes and deafness. 6, 7 MtDNA deletions differ in both size and location, but are confined to a region delineated by the H-strand and L-strand origins of replication. The deletions include one or more tRNA genes and part or all of one or more protein reading frames, 8, 9 and often are flanked by perfect direct repeats 5-13bp in length. 10 In most cases, mtDNA deletions are spontaneous events that occur either in the oocyte or during early stages of embryonic development. There appears to be no correlation between the size and/or location of the deletion and the clinical expression of the disease. The variable clinical presentation presumably depends on the distribution and the level of heteroplasmy (ie coexistence of mutant and wild-type mtDNA) in the body. A complex relationship between deleted/wild-type mtDNA ratio and phenotype has been reported which shows that when the level of heteroplasmy is below 55%, wild-type mtDNA can complement the deleted mtDNA. However, when deleted mtDNAs predominate (ie heteroplasmy levels are greater than 65%), they act dominantly and suppress translation of wild-type genomes. [11] [12] [13] Pearson marrow-pancreas syndrome manifests as bone marrow failure and pancytopaenia, frequently associated with exocrine pancreatic insufficiency, hepatic and renal failure. Pearson's patients generally die young due to complications of bone marrow dysfunction or transfusions.
14 Some Pearson patients spontaneously recover from their childhood sideroblastic anaemia, and ultimately progress to a KSS-like phenotype. 5, 15 We have recently diagnosed a 3-year old patient with anaemia, severe tubulopathy, and diabetes mellitus, but no dysfunction of the exocrine pancreas. As the clinical characteristics resembled Pearson syndrome, we have performed DNA analysis to look for deletions in mtDNA. We here report on the identification of a novel heteroplasmic 8kb deletion in mtDNA. In addition, we show by fluorescent in situ hybridisation (FISH) and mitochondria-mediated transformation of 0 cells that inter-as well as intracellular variation in the distribution of deleted mtDNA exists in a cell population of cultured skin fibroblasts of this patient. Furthermore, we have analysed the threshold for expression of the biochemical phenotype in cybrid cells containing various proportions of deleted mtDNA by studying these cells for mitochondrial translation capacity.
Materials and methods

Patient
The patient is the first child of non-related Caucasian parents. She presented at the age of 3 years with anaemia, severe Fanconi-like tubulopathy, lactic acidosis (4.0 mM in plasma), electrolyte disturbances (potassium, sodium, magnesium, calcium, phosphate) and, eventually, diabetes. No dysfunction of the pancreas could be established. Enzyme investigations in a muscle biopsy revealed a carnitine deficiency, and deficiencies in all respiratory chain complexes, especially complex IV (COX-deficiency). She gradually developed glaucoma and ptosis of the eyes, hearing impairment and renal osteodystrophy. At the age of 5 years, growth hormone treatment 2 I.E.m 2 /day was started to induce protein synthesis and weight gain because her growth had stopped and her general condition deteriorated. At the age of 7 years, EPO-treatment was started, leading to improvement of the plasma haemoglobin level of 1 mmol/l. After 2 years of GH-treatment, a new muscle biopsy revealed amelioration of all respiratory chain complexes (COX 23-63%). At the age of 8 years, her height is according to weight, being 2 SD below normal for age. The renal osteodystrophy responded well to treatment. The diabetes is well controlled. 
DNA analysis
Total genomic DNA was isolated from leukocytes, cultured skin fibroblasts, muscle, liver, and kidney biopsies, and cybrids by standard procedures. 18 The ratio of mtDNA to nuclear DNA (mtDNA copy number), as well as the presence and proportion of deleted mtDNA, was determined by RFLP analysis. Five µg of total DNA was digested with Pvu II (or Bam HI) overnight at 37°C, and fragments were resolved on a 0.8% agarose gel, followed by Southern blotting. 18 The blot was hybridised with a mtDNA probe (a 6kb PCR fragment spanning the mtDNA region between nt 15788 and 5547 19 or with a nuclear 18SrDNA probe. Hybridisation signals were quantified with a PhosphoImager™ and visualised by autoradiography. For rough mapping of the deletion break point, 1µg of total DNA was submitted to PCR amplification using various sets of mtDNA primers with high mutual distance ( gt;3kb). Only in the case of a major deletion in mtDNA, did the primers become in close vicinity enabling a PCR fragment to be generated. The exact site of the deletion break point was determined by direct DNA sequencing of a PCR fragment spanning the deletion break point.
Two-color fluorescence in situ hybridisation
Two-color in situ hybridisation was performed as previously described. y in 1ml of methionine-free DMEM supplemented with 5% dialysed FBS at 37°C. Emetine (100 µg/ml), an inhibitor of cytoplasmic protein synthesis, was added 15 min prior to labelling. After labelling, cells were washed twice with PBS, trypsinised, washed again twice with PBS, and finally lysed in 100µl of 10mM Tris-HCl pH7.5, 0.1% sodium dodecyl sulfate (SDS). Equal amounts of total cellular protein (40µg), as determined by the Bradford method, were loaded in each lane of a 15% SDS-polyacrylamide gel. After electrophoresis, the gel was treated with Amplify (Amersham Pharmacia Biotech, Uppsala, Sweden), dried and exposed on Kodak X-Omat AR film. Mitochondrial translation products were assigned as described by Chomyn et al.
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Western blot analysis Total cellular protein, dissolved in SDS-PAGE sample buffer (10% glycerol, 5% mercaptoethanol, 3% SDS, 0.1M Tris PO 4 , pH 6.8, and 0.01% bromphenol blue) was separated on SDS-PAGE gel and transferred to Immobilon (Millipore, Bedford, MA, USA). Subsequently, the membrane was blocked for 1h in Tris-buffered saline, containing 0.25% Tween-20 (TBST) and 5% non-fat dried milk, and incubated simultaneously with monoclonal antibodies against COXI, COXII, and COXIV (Molecular Probes, Eugene, OR, USA) overnight in TBST at 4°C. After washing with TBST, the membrane was incubated with anti-mouse IgG horseradish peroxidasecoupled second antibody for 1h at room temperature in TBST. After washing, bound horseradish peroxidase conjugates were visualised by enhanced chemiluminescence (ECL, Amersham).
Results
Characterisation of a mtDNA deletion
Total DNA was isolated from various tissues and was digested by Pvu II. This restriction endonuclease cleaves the mtDNA only once, outside the region where deletions generally are to be found. Subsequently, the mtDNA fragments were analysed by Southern blot using a 6 kb mtDNA fragment as the hybridisation probe. In the case of control DNA, a single 16.5 kb mtDNA fragment is generated, whereas in the case of the patient's DNA, two populations of mtDNA are present; one corresponding to a full-length molecule of mtDNA (16.5kb ) and the other corresponding to a smaller, deleted mtDNA molecule (8.5kb) (Figure 1a ). In Table I the proportion of deleted mtDNA in different tissues of this patient is shown. High proportions of deleted mtDNA (80 to 90%) were found in all tissues examined, except for cultured skin fibroblasts (see below for explanation of relatively low level of 45%). No deletion could be detected in leukocyte DNA from her mother and younger brother, even by PCR, indicating the sporadic occurrence of this deletion.
Biopsies from muscle, skin and liver were obtained twice within a 2 year period. No marked variation in the proportion of the deletion was noticed between the two time points.
Using PCR, we amplified selectively the region of the deleted genome spanning the deleted mtDNA and determined the exact position of the deletion break point by DNA sequencing. The deletion was 8034bp long, with the breakpoint on the left side at np 7934 within the cytochrome c oxidase II (CO II) gene, and on the right side at position 15968 within the tRNA Pro gene, thereby deleting the complete genes for ATPases 6 and 8, CO III, ND3, ND4L, ND4, ND5, ND6,
Figure 1
Detection of mtDNA deletion in Pearson syndrome. a Southern blot analysis for the presence of a mtDNA deletion in total DNA isolated from a control subject (C) and the Pearson patient (P). Five µg of total DNA was digested with Pvu II; fragments were resolved on a 0.8% agarose gel, transferred to Hybond N + , and probed with a 6kb PCR fragment spanning the mtDNA region between nt 15788 and 5547. Size of the mtDNA fragments (kb) is shown on the right. b Nucleotide sequence at the boundary of the deletion break point. The imperfect 11bp repeats are boxed, with the variant nucleotide underlined. The amino acid sequence (one-letter code) deduced from the COII/tRNA Pro fusion gene is shown below the DNA sequence. COII, cytochrome c oxidase subunit II. 
Disappearance of deleted mtDNA during culture
Reanalysis of the proportion of deleted mtDNA in fibroblasts after several passages of culturing showed that the deleted mtDNA population was gradually lost, with levels of heteroplasmy going from 42% to 7%. We estimate that during each passage the heteroplasmy level decreased by 0.8% over the first 35 days. This indicates that there appears to be a selection against the deletion in proliferating cells. It has been reported that supplementation of uridine, a nucleic acid precursor which allows growth of respiratory chain-deficient cells, to the culture medium maintains the presence of deleted mtDNA in cultured skin fibroblasts. 21, 22 Therefore, we re-examined heteroplasmy levels by culturing fibroblasts up to 75 days on medium containing two concentrations of glucose (4.5mg/ml or 1mg/ml), in the presence or absence of uridine. Figure 2 shows that, under the various culturing conditions, the proportion of deleted mtDNA decreased significantly. Heteroplasmy levels changed from 29% to barely detectable levels when cells were cultured in 1mg/ml of glucose, both in the presence or absence of uridine, over a period of 75 days. When cultured in 4.5mg/ml of glucose, the presence of uridine seemed to slightly protect the cells from a rapid decrease in heteroplasmy (Figure 2 ).
Mosaicism
To examine whether there was an even or uneven distribution of normal and deleted mtDNA among individual cells from the same tissue, we performed fluorescent in situ hybridisation (FISH) on cultured skin fibroblasts. This technique enabled us to visualise wild-type and deleted mtDNA simultaneously by using two probes, one common, biotinlabelled, probe (Cy3; red fluorescence), which hybridises to both wild-type and deleted mtDNA, and one deletion, digoxigenin-labelled, probe (FITC; green fluorescence), which hybridises to wild-type mtDNA only (Figure 3a) . Double excitation of both FITC and Cy3 results in yellow fluorescent staining of wild-type mtDNA, as a result of colocalisation of the two probes, and in red staining of deleted mtDNA, as a result of hybridisation of the common probe only. Heteroplasmy was observed at both the interand intracellular level in this cell population. A representative picture is shown in Figure 3b ; here one cell had predominantly wild-type mtDNA (yellow staining), a second cell carried approximately equal amounts of wild-type and deleted mtDNA (orange staining), whereas a third cell carried predominantly deleted mtDNA (red staining). Among the red fluorescent signalling cells, a small amount of yellow staining 
Threshold for phenotypic expression of deletion
Mitochondria from the fibroblast cell line were transferred into human cells lacking endogeneous mtDNA (B o -3). . The degree of heteroplasmy in 32 cybrid clones ranged from 0 to 94% with more than half of the cybrids being homoplasmic wild-type ( Figure 4) . The mean percentage of deleted mtDNA in the cybrids was 15%. This value closely matched that found in the parental fibroblasts, which was 10% at the time of fusion. This observation agrees with a situation where the individual fibroblasts have a distribution of mtDNA genotypes which reflects that observed in the cybrids. During culture, no decrease in the proportion of deleted mtDNA was observed in the heteroplasmic cybrid cell lines. We had major difficulty in culturing cybrid cells with 80% or more of deleted mtDNA over longer periods, despite the fact that our medium was supplemented with uridine. Re-examination of the levels of heteroplasmy in these particular clones by Southern blot analysis showed a complete loss of mtDNA signal, despite a normal nuclear DNA signal. Surprisingly, these cybrids had transformed into a o -like phenotype. To prove that the 20% wild-type mtDNA was separated from the deleted mtDNA in the cybrid cell line containing 80% deleted mtDNA (as in theory these cybrid cells could contain 40% duplicated, 60% deleted and 0% wild-type mtDNA), a Bam HI digestion was performed. The Bam HI digestion revealed the presence of same amount (20% of the total mtDNA signal) of the linear 16.5 kb fragment corresponding to wild-type mtDNA (result not shown), implying that this cybrid cell line still contained 20% wild-type mtDNA.
For functional studies, nine cybrids were selected with heteroplasmy levels ranging from 0 to 80% (Figure 5a ). Two of these (both with heteroplasmy levels of 80%) were obtained from another, independent fusion experiment.
The effect of the deletion in mtDNA on mitochondrial protein synthesis was investigated by labelling cybrids with [ 35 S]-methionine for 30 min in the presence of emetine, an inhibitor of cytoplasmic protein synthesis. As shown in Figure 5b , a marked overall decrease in the incorporation of [ 35 S]-methionine into the mitochondrial-encoded polypeptides was observed in cybrids containing 80% of deleted mtDNA, whereas normal incorporation was found in cybrids containing up to 75% of deleted mtDNA, when compared with cybrids with 100% wild-type mtDNA. No CO II/tRNA Pro fusion protein (expected molecular weight of 14kD) could be detected in any of the cybrids. A possibility remains that this fusion protein becomes synthesised, but is prone to proteolytic degradation.
Steady-state levels of mtDNA-encoded subunits I and II of cytochrome c oxidase (COX I and COX II, respectively) were determined by western blotting (Figure 5c ). In 100% wildtype cybrids, as well as in cybrids containing up to 75% of deleted mtDNA, both COX I and COX II protein could be detected. However, in the cybrids containing 80% of deleted mtDNA, no CO I or CO II signals were present. Levels of nuclear-encoded cytochrome c oxidase subunit IV (COX IV) were not different between all the cybrids.
Discussion
Deletions in mtDNA are consistently found in patients with Pearson syndrome, a combination of pancreatic, hepatic and renal insufficiency with pancytopenia. 5 We have identified a An increase with time of the deleted mtDNA fraction in muscle was found in patients with KSS and this increase paralleled the progression of the disease. 23 We have not seen any significant variation in the fraction of mtDNA deleted over a 2 year period of time in muscle or liver (see Table 1 ), which agrees with the clinical picture of the patient showing a non-progressive expression of the disease. The proportion of deleted mtDNA was determined by Pvu II digestion of total DNA, followed by Southern blotting using a 6kb mtDNA fragment as a probe. Analysis was performed on 32 cybrids.
mtDNA deletion in Pearson syndrome y It was previously reported that supplementation of uridine in the culturing medium preserved the maintenance, or even resulted in the increase of deleted mtDNA in cultured fibroblasts. 21, 22 However, we noticed, even in the presence of uridine, a rapid loss of the deleted mtDNA in our culture of primary fibroblasts. It is not known whether the loss of deleted mtDNA occurs at the level of intracellular, as oppose to intercellular, selection in the cultured fibroblasts. In contrast, in our cybrid cells containing various proportions of deleted mtDNA, no marked change in heteroplasmy over time was observed when cultured in medium supplemented with uridine (we have not cultured cybrids in medium lacking uridine). Also, in a lymphoblast cell line derived from a patient with Pearson syndrome a heteroplasmy level of 60-70% deleted mtDNA was maintained over a 4-year period of continuous cell proliferation. 24 Others have reported the preferential accumulation of deleted mtDNA over wild-type mtDNA in HeLa-cell derived cybrid cells. 11 Altogether, these data indicate that segregation of deleted mtDNA may, or may not occur depending on the nuclear background of the cell containing deleted mtDNA. Also, in cybrid cells containing partially duplicated mtDNA 25 or a specific point mutation in the mtDNA at np 3243, 26 uridine and the nuclear background were found as factors influencing the segregation of the mitochondrial phenotype. From the mitochondrial translation studies in cybrid cells containing various proportions of deleted mtDNA, we conclude that when the level of heteroplasmy is below 80%, wild-type mtDNA can complement the deleted mtDNA. Assuming that the deleted genome is transcribed, 11, 27 it is uncertain whether the fusion transcript becomes translated, as we did not observe the CO II/tRNA Pro fusion protein (expected molecular weight of 14kD). Of course, we cannot exclude the possibility that the fusion protein becomes translated but is rapidly degraded. However, when deleted mtDNAs predominate (ie heteroplasmy levels are greater than 75%), they act dominantly and suppress translation of wild-type genomes ( Figure 6 ) as has previously been reported. [11] [12] [13] We had major difficulty in culturing cybrid cells with 80% of deleted mtDNA over longer time periods. MtDNA gene content was easily lost in these cells, transforming them into a o -like phenotype. The presence of high levels of deleted mtDNA seems to perturb copy number control leading to catastrophic depletion of mtDNA, as has recently been reported in osteosarcoma cybrids containing partially duplicated mtDNA. 25 The mechanism of mtDNA depletion in osteosarcoma cybrids remains unknown. In a lymphoblast cell line containing 70% of deleted mtDNA, inhibition of mitochondrial protein synthesis by doxycycline resulted in the decline of the percentage of deleted mtDNA in culture. 24 Upon removal of the doxycycline, the proportion of deleted mtDNA rapidly increased up to approximately the original level. The behaviour of deleted mtDNA before, during and after doxycycline treatment suggested that the percentage of mutant mtDNA is a balance between its preferential amplification and its phenotypic disadvantage. 24 Despite the fact that mitochondrial protein synthesis is clearly affected leading to metabolic disadvantage to cells, no selection against deleted mtDNA occurs in our cybrid cells containing 80% of deleted mtDNA. Rather, the percentage of 80% of deleted mtDNA is maintained, or might even be slowly increasing, ultimately leading to a disturbance in mtDNA copy number control by the osteosarcoma nuclear background through the operation of a yet unknown mechanism.
In conclusion, we have identified a novel 8 kb heteroplasmic mtDNA deletion in a patient with a variant of the Pearson marrow-pancreas syndrome. Cultured skin fibroblasts exhibited a rapid decrease of heteroplasmy indicating a selection against the deletion in proliferating cells. By techniques of fluorescent in situ hybridisation (FISH) and mitochondria-mediated transformation of 0 cells we were able to show inter-as well as intracellular variation in the distribution of deleted mtDNA in a cell population of cultured skin fibroblasts. Finally, a sharp threshold, around 80%, exists in the proportion of deleted mtDNA, above which there was strong depression of overall mitochondrial translation leading to a catastrophic loss of mtDNA, and below which there was complementation of the deleted mtDNA by the wild-type DNA. 
